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Abstract: Transition metal-catalysed C-H bond functionalisation is 
one of the most efficient and powerful strategies in synthetic organic 
chemistry to derivatize otherwise inert sites of organic molecules for 
the construction of C-C and C-heteroatom bonds. However, 
additional steps are often required in order to install the directing 
groups to realize the selective C-H bond functionalisation of the 
substrates. These tedious steps run counter to the step-economical 
nature of the C-H activation. In contrast, direct functionalisation of 
the substrate, utilizing the transient ligands, avoids the unnecessary 
steps for the pre-functionalisation of the substrates. In this mini 
review, we will provide a short journey for the major progress made 
in this field for the C-H functionalisation on sp2 and sp3 carbon 
centres with different transient working modes, including covalent, 
hydrogen, and ionic bonds. 
1. Introduction
Transition metal-catalysed C-H bond functionalisation has 
emerged as one of most efficient method for selective carbon-
carbon and carbon-heteroatom bond construction in recent 
years. Despite the great progress, two challenges still exist in 
the direct C-H functionalisation methods: the inert nature of most 
C-H bonds and the multiple analogous C-H bonds in selective
reactions.[1] In order to solve these issues, the directing group
strategy has been raised as a powerful tool for the site-selective
C-H functionalisation. Although transition metal-catalysed
selective functionalisation of either C(sp2)-H or C(sp3)-H bonds
has been well developed by employing various directing groups
on substrates,[2] there is a major issue in the synthetic
application of this method: the directing group pre-installation
and removal. Additional steps are often required for the pre-
construction of the substrates and for the removal of the
directing groups, which diminishes the efficiency and
compatibility of the reactions.[3] Clearly, there is a need to
develop novel methods for transition metal-catalysed C-H bond
functionalisation reactions. A promising approach would be the
utilization of a transient ligand which can bind to the substrate
and coordinate to the metal centre in a reversible fashion. In this
process, the desired site-selective C-H bond functionalisation 
would be accomplished with a catalytic amount of this transient 
ligand without changing the substrate structure after the 
catalysis has finished. To this catalytic cycle, an efficient 
transient ligand will be temporarily and reversibly installed on the 
substrate to form intermediate I via a reversible covalent bond or 
non-covalent bond. Then, this intermediate I will interact 
selectively with the transition metal catalyst, after the 
monodentate or bidentate coordination of the transition metal 
with the transient ligand, thus forming the corresponding 
metallacycle intermediate II. Then intermediate II reacts with the 
coupling reagent leading to the intermediate III, followed by the 
construction of the intermediate IV and the regeneration of the 
transition metal catalyst. Finally, the removal of the transient 
ligand affords the desired product (Scheme 1). Overall, this 
whole process occurs in a single reaction pot. To be mentioned, 
elaborated reviews on transient directing group enabled C-H 
functionalisation have been released by Besset, Ackermann, 
Maiti, and Bull.[4] 
In this mini-review, we will emphasize and discuss the 
remarkable progress made in the field using the reversible 
covalent bond mode, focusing on transient imine, enamine and 
phosphite directing groups. We will also briefly discuss the 
transient ligand strategy using the non-covalent bonding modes, 
such as the hydrogen and ionic bonds for C-H activation. As a 
result, we have categorized the entire theme into two parts: the 
reversible covalent bond and non-covalent bond modes. 
Scheme 1. Concept of transient ligand-promoted catalytic C-H 
functionalisation  
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2. The reversible covalent bond for transition 
metal-catalysed C-H functionalisation 
2.1 The C(sp2)-H functionalisation of aldehydes 
Aldehydes are incredibly important structural units in 
agrochemicals and pharmaceuticals and are key intermediates 
in chemical synthesis.[5] The C-H bond functionalisation of 
aldehydes enabled by transient ligands can install common and 
valuable functional groups for further manipulations. Among 
these reactions, the reversible installation of transient ligands to 
form corresponding imine directing groups can be used for C-H 
bond functionalisation of aldehydes. 
The pioneering work in the field of C-H functionalisation with 
transient ligands was explored by the Jun group in 1997. They 
reported the first example of Rh(I)-catalysed aldehyde C-H bond 
activation by employing 2-amino-3-picoline (L1) as a transient 
ligand (Scheme 2a).[6a] Next, they updated their catalytic system 
to improve the efficiency and substrate scope. In this process, a 
catalytic amount of benzoic acid and anilines were proved to be 
effective additives as they accelerated the imine formation 
(Scheme 2b).[6b] Additionally, branched as well as linear α,β-
unsaturated ketones could be produced from aldehydes and 
alkynes by a transient ligand-enabled hydroacylation process 
(Scheme 2c).[6c] 
Subsequently, Breit and co-workers probed a bidentate 
transient ligand L2, 2-amino-3-picoline decorated with a 
phosphine at the C6 position, to increase the effective molarity, 
and thus realized the inter- and intra-molecular hydroacylation of 
alkenes, which avoided the use of any other additives and 
decreased the loading of the catalysts (Scheme 2d).[7] Moreover, 
Douglas group developed an intramolecular hydroacylation 
reaction to access 6- or 7- membered ring ketone synthesis 
using a 2-amino-3-picoline-based transient ligand. They also 
developed enantioselective hydroacylation utilizing a chiral 
ligand L3 with moderate ee (Scheme 2e).[8] 
Using the transient ligand directed strategy, both aldehyde C-
H and aromatic bonds could be activated to form the cyclization 
products. In 2010, Takai et al. described Rh-catalysed synthesis 
of indenone derivatives from three equivalents benzaldehydes 
via a cycloaddition pathway using N-phenylacetamide (L4) as a 
transient ligand (Scheme 3a).[9] In 2013, the Seayad group 
reported a Rh(III)-amine dual catalysis for the oxidative coupling 
of aldehydes to form phthalide derivatives in the presence of a 
catalytic amount of 4-trifluoromethyl aniline (L5) (Scheme 3b).[10] 
Furthermore, with cheap anthranilic acid (L6), the first synthesis 
of fluorenones from benzaldehydes and aryl iodides has been 
reached by the Sorensen group (Scheme 3c).[11]  
Recently, the Cheng group reported a Rh(III)-catalysed 
bilateral cyclization of benzaldehydes with nitrosos to form 
acridien derivatives in the presence of a catalytic amount of 
BnNH2 (L7) (Scheme 3d).[12a] Furthermore, Park and Kim group 
demonstrated that anthranils could be used as both transient 
ligands and amination sources to afford 2-acyl acridines through 
Rh-catalysed direct C−H amination and acid-mediated 
cyclization (Scheme 3e).[12b]  
In recent years, different benzaldehydes have been 
investigated with various metal catalysts for C(sp2)–H bond 
functionalisation reactions. In 2017, transient ligand (L6, L8 or 
L9)-enabled Pd-catalysed C-H arylation, chlorination, and 
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bromination of benzaldehyde substrates were reported by the 
Yu and Zhang groups. In their studies, it was found that the 
concentration of acid additives and transient ligands played a 
vital role in the ortho-C(sp2)-H functionalisation of the 
benzaldehydes (Scheme 4a, 4b, and 4c).[13] Furthermore, the 
Sorensen group unveiled that the o-hydroxylation of 
benzaldehydes could be achieved using p-TsOH as the hydroxyl 
source and 2-amino-4-chlorobenzoic acid (L10) as the transient 
ligand (Scheme 4d).[14a] In 2018, they also found that 2-
aminobenzenesulfonic acids (L11-L12) acting as the transient 
ligands could efficiently achieve ortho-fluorination and ortho-
methylation of benzaldehydes with 1-fluoro-2,4,6-
trimethylpyridinium triflate serving as the fluorine source and 
potassium methyl trifluoroborate serving as the methyl source 
(Scheme 4e and 4f).[14b] 
 
 
Scheme 2. The aldehyde C-H bond functionalisation enabled by transient 
ligands 
Recently, Ir(III)-catalysed ortho-C-H alkylation of 
(hetero)aromatic aldehydes with alkyl boron reagents has been 
developed by the Sorensen group employing aniline (L13) as a 
transient ligand. An X-ray crystal structure of a benzaldehyde 
ortho-C-H iridation intermediate was isolated to support the 
proposed reaction mechanism (Scheme 5a).[15] The Yu/Zhang 
and Chen/He groups independently developed Ir-catalysed 
ortho-amidation reactions with organic azides using electron 
poor anilines (L14-L15) as transient ligands (Scheme 5b and 
5c).[16] In addition, using 4-trifluoromethylaniline (L16) as the 
transient ligand, Jiao and coworkers found that dioxazolone 
could be used as amide sources for the ortho-amidation of 
benzaldehydes in decent yields via decarboxylation and 
migratory insertion steps (Scheme 5d).[17] In 2017, Zhang and 
coworkers reported the ruthenium catalysed ortho-alkylation of 
benzaldehydes with maleimides using 2-methyl-3-
(trifluoromethyl)aniline (L17) as a transient ligand (Scheme 5e). 
Later, they found that ruthenium was also a suitable catalyst for 
C-H amination of benzaldehydes with organic azides, using 
catalytic electron poor anthranilic acids and anilines (L17-L18) 
as transient ligands (Scheme 5f).[18] 
 
 
 
Scheme 3. Both aldehyde C-H and C(sp2)-H bond functionalisation enabled 
by transient ligands 
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Scheme 4. Transient ligand-enabled Pd-catalysed C(sp2)-H functionalisation 
of aldehydes 
 
Scheme 5. Transient ligand-enabled Ir, Rh or Ru-catalysed C(sp2)-H 
functionalisation of aldehydes 
In 2018, our group presented the first example of Pd-
catalysed C-H bond arylation of five-membered heterocyclic 
aldehydes with 3-amino-3-methylbutanoic acid (L19) as a 
transient ligand. This strategy provided an opportunity to rapidly 
build up new mechanofluochromic materials. Through facile 
functional group modifications, we realized a novel synthetic 
strategy for mechanochromic luminogens with chromism trends 
of red- and blue-shift based on TPA-containing β-aryl-substituted 
five-membered heterocyclic carbonyl compounds (Scheme 
6a).[19] A plausible reaction mechanism was also depicted in 
Scheme 6b. Condensation of 1 with L19 forms the imine 
intermediates I, which coordinates with palladium species to 
afford the corresponding six-membered cyclic palladium 
complex II. Then cyclo-metalation of II forms the intermediate III 
via a site-selective C-H bond activation process. Palladium (IV) 
complex IV is generated via the oxidative addition of III with an 
aryl iodide. Finally, reductive elimination of IV followed by the 
ligand dissociation and iodide abstracted by silver salts gives the 
intermediates VI, which releases the desired product 2 and 
regenerates the L19 (Scheme 6b). 
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Scheme 6. Pd-catalysed C-H bond arylation of five-membered heterocyclic 
aldehydes with 3-amino-3-methylbutanoic acid as a transient ligand 
Recently, Shi group demonstrated an efficient and practical 
strategy for the synthesis of axially chiral biaryls through Pd-
catalysed atroposelective C-H olefination by employing 
commercially available l-tert-leucine (L20) as a transient ligand 
(Scheme 7a).[20a] Later, the same group also found that L20 
could be used for the atroposelective C-H alkynylation of biaryls 
with bromoalkynes (Scheme 7b).[20b] Very recently, Shi 
developed a Pd-catalysed atroposelective C-H allylation using 
L20 as an efficient chiral transient ligand. In this work, various 
enantioenriched biaryls were obtained using this ligand with 
excellent enantioselectivities (up to 99% ee) (Scheme 7c and 7d). 
[20c]  
In another study, Wang showed the first example of applying 
the transient strategy into the direct oxidative dehydrogenative 
arylation of aldehydes with arenes using 2-amino-2-
methylpropanoic acid (L8) as a transient ligand. The 
cyclometallated intermediate was isolated and then treated 
under standard reaction conditions to form the product in 47% 
yield (Scheme 8).[21]  
2.2. The benzylic C(sp3)-H functionalisation of aldehydes 
The first example using a transient ligand for Pd(II)-catalysed 
C(sp3)–H bond functionalisation of aldehydes was reported by 
the Yu group in 2016.[22] Using glycine (L21) as a transient 
ligand, the arylation of C(sp3)–H bonds on 2-
methylbenzaldehyde was achieved in good yields. In this 
reaction, water was added in order to reduce the concentration 
of the imine intermediates, which prevented their decomposition 
(Scheme 9a). [22] Furthermore, Pd(II)-catalysed enantioselective 
C-H arylation of ortho-alkylbenzaldehydes using a chiral amino 
acid was also demonstrated. The condition screening indicated 
that l-tert-leucine (L20) was the optimal transient ligand. Using 
this strategy, 2-ethyl-5-(trifluoromethyl)-benzaldehyde could be 
arylated with methyl 4-iodobenzoate to afford the desired 
product in 73% yield and 96% ee (Scheme 9b).  
Very recently, the Yu group disclosed a Pd(II)-catalysed 
enantioselective C(sp3)-H fluorination using a catalytic amount of 
chiral ligand L22. In their work, a bulky amino amide ligand 
played a vital role in achieving high enantioselectivity and in 
promoting C-F reductive elimination (Scheme 9c).[23]  Following 
those studies, the benzylic C(sp3)-H arylation of 2-
methylbenzaldehyde was also achieved by Lei and Hu, which 
used acetohydrazide (L23) as the transient ligand (Scheme 
9d).[24] Very recently, Jung and Kim demonstrated that an amino 
amide bearing a pendant hydroxyl group L24 could also be used 
as the transient ligand for this process (Scheme 9e).[25a]  
Very recently, Zhang showed an example of Pd-catalysed 
ortho-C(sp3)−H arylation of benzaldehydes with aryl diiodides 
through the transient ligand L21 to construct the precursors of 
PAHs. The sequential intramolecular cationic cyclization and 
dehydration was demonstrated in the preparation of PAHs with 
good yields by employing TfOH as a Brønsted acid catalyst 
(Scheme 10).[25b]  
 
Scheme 7. The synthesis of axially chiral biaryls through transient ligand 
strategy 
 
Scheme 8. The direct oxidative dehydrogenative arylation of aldehydes with 
arenes using 2-amino-2-methylpropanoic acid as a transient ligand 
2.3. The C(sp3)-H functionalisation of aliphatic aldehydes 
In 2016, our group reported the first example of Pd-catalysed 
direct arylation of unactivated β-C-H bonds of aliphatic 
aldehydes using either 3-aminopropanoic acid (L25) or 3-amino-
3-methylbutanoic acid (L19) as the transient ligand.[26] In this 
work, the reaction condition screening study between 2-
methylpentanal and iodobenzene indicated that 3-
aminopropanoic acid was the optimal transient ligand (Scheme 
11a). Next, the scope study of secondary aliphatic aldehydes 
showed that functionalisation of unactivated β-C(sp3)-H bonds of 
methyl groups was much more reactive than β-methylene and γ- 
or δ- terminal C-H bonds. Moreover, β-methylene C-H bonds of 
secondary aldehydes could also be arylated on both cyclic and 
β-branched substrates. It is noteworthy that unactivated β-C-H 
bonds of linear primary aliphatic aldehydes could also be 
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arylated with iodobenzene by employing 3-amino-3-
methylbutanoic acid as the transient ligand (Scheme 11b). 
Additionally, it was found that this process had good functional 
group compatibility, and both electron-rich and electron-deficient 
aromatic rings could be efficiently incorporated into the aliphatic 
aldehydes in a highly site-selective manner. 
 
Scheme 9. The benzylic C(sp3)-H functionalisation of aldehydes  
 
Scheme 10. Pd-catalysed ortho-C(sp3)−H arylation of benzaldehydes with aryl 
diiodides through the transient ligand to construct the precursors of PAHs 
The mechanistic study showed that the [5,6]-bicyclic palladium 
intermediate could be isolated by using pyridine as an additional 
ligand. Furthermore, a series of control experiments were 
carried out and indicated that a sequential oxidation/addition 
process would not be involved in this reaction. A plausible 
reaction mechanism was also proposed. The condensation of 
aliphatic aldehyde with a transient ligand provides the aldimine I. 
Coordination of the aldimine I to the palladium specie produces 
the corresponding six-membered cyclic palladium complex II. 
Next, the cyclometallation takes place to give the [5,6]-bicyclic 
palladium intermediate III via a site-selective C-H bond 
activation process. Oxidative addition of the intermediate III with 
an aryl iodide generates the palladium species IV. Finally, 
reductive elimination of the palladium complex IV followed by the 
ligand dissociation and iodide abstraction processes gives the 
imine compound VI, which produces the desired product and 
releases a transient ligand (Scheme 11c). [26] 
In 2017, Bull and coworkers demonstrated Pd-catalysed β-
arylation of tertiary aliphatic aldehydes employing N-
tosylethylenediamine (L26) as the transient ligand (Scheme 12a). 
The mechanistic studies showed that an unsymmetrical dimeric 
bicyclic palladium intermediate Pd-dimer could be prepared in 
acetonitrile, and its configuration was characterized by X-ray 
single crystal diffraction. The further insight experiments 
demonstrated that the Pd-monomer was formed when Pd-
dimer dissolved in AcOD-d4, suggesting that monomeric 
species would be dominant under the reaction conditions 
(Scheme 12b).[27] 
2.4. The C(sp2)-H functionalisation of ketones 
Compared with aldehydes, the functionalisation of ketones 
using a transient ligand has several challenges: Firstly, the 
formation or hydrolysis of ketimine is less favored than the 
corresponding aldimine. Secondly, one of the ketimine E/Z 
isomer may have an inactive geometry for C-H functionalisation. 
Thirdly, the tautomerization between imine and enamine exists.  
The Jun group was the first to release the Rh(I)-catalysed 2-
alkylation of aryl ketones with olefins using benzylamine (L7) as 
a transient ligand. The mechanistic studies indicated that the key 
step of this process was the formation of a stable five-membered 
metallacycle (Scheme 13a).[28] A plausible reaction mechanism 
was also depicted in Scheme 13 b. The catalytic cycle starts 
with dissociation of PPh3 to form Rh complex 2. Then the 
acetophenone reacts with benzylamine (L7) to form ketimine 1, 
which coordinates with the Rh complex 2 to yield intermediate 3 
followed by oxidative addition with the C-H bond to give the Rh-
hydride product 4. Then the intermediate 4 undergoes ligand 
exchange with an olefin hydride migratory insertion followed by 
reductive elimination to yield the alkylated ketimine 7, which 
releases the final product under acidic reaction conditions 
(Scheme 13b). In 2006, the Takai group found that p-anisidine 
(L27) could also be used as a transient ligand for the rhenium-
catalysed sequential addition and cyclization process through C-
H bond activation in the reaction of aryl ketones with olefins 
(Scheme 13c).[29]  
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Scheme 11. The C(sp3)-H arylation of primary and secondary aliphatic 
aldehydes 
 
Scheme 12. The C(sp3)-H arylation of tertiary aliphatic aldehydes 
 
Scheme 13. The C(sp2)-H arylation of aromatic ketones under Rh or Re 
catalyst 
Inspired by Yu’s work, the Xu and Jin group discovered the 
Pd(II)-catalysed direct C(sp2)-H arylation of aryl ketones with 
iodobenzene by employing the natural amino acid glycine (L21) 
as a transient ligand (Scheme 14a).[30a] In the same year, this 
group also developed the palladium-catalysed enantioselective 
2-arylation reaction of ferrocenyl ketones through utilizing a 
catalytic amount of l-tert-leucine (L20) as a chiral transient ligand. 
The transformation was applied to the synthesis of different 
novel ferrocenyl-phosphine ligands with a special planar and 
stereogenic central chirality (Scheme 14b).[30b]  
In 2018, our group demonstrated the palladium-catalysed 
direct arylation of heterocyclic aromatic ketones via a transient-
ligand-directed strategy. We found that either 3-amino-3-
methylbutanoic acid (L19) or glycine (L21) could be used as a 
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transient ligand to promote the direct C(sp2)-H functionalisation 
(Scheme 14c).[19]  
Very recently, Lin and Wei group also demonstrated that a 
direct arylation of aromatic ketones was carried out through Pd-
catalysed inert C(sp2)-H bond functionalisation with 2-amino-N-
isopropyl-acetamide (L28) as a novel transient ligand. In this 
work, α-amino amide forming N,N-bidentate Pd-intermediate 
was much more favorable for the β-C(sp2)-H arylation of 
aromatic ketones under relatively mild conditions (Scheme 
14d).[31a]  
 
Scheme 14. The C(sp2)-H arylation of aromatic ketones  
2.5. The C(sp3)-H functionalisation of ketones 
In 2016, the Yu group elaborated the first example of Pd(II)-
catalysed β-arylation of unactivated aliphatic ketones with 
glycine (L21) as a transient ligand (Scheme 15a).[22] In this work, 
β-C(sp3)-H bonds of methyl groups on linear, branched, and 
cyclic ketones were arylated with various aryl iodides. 
Furthermore, methylene C-H bonds on cyclic ketones could be 
activated. It should be noted that neither methylene C-H bonds 
on linear or branched ketones nor aliphatic aldehydes were 
tolerated by using glycine as a transient ligand. In 2018, Yu and 
co-workers found a modified β-amino acid L29 (3-amino-2-
benzylpropanoic acid) as the transient ligand that could enable 
Pd(II)-catalysed methylene β-C(sp3)-H arylation of linear 
aliphatic ketones (Scheme 15b).[31b] 
Meanwhile, our group also demonstrated the Pd(II)-catalysed 
direct arylation of β-C(sp3)–H bonds in aliphatic ketones with 
cheap and commercially available β-alanine (L25) as the 
transient ligand (Scheme 16a). The ligand screening indicated 
that substitutions at the α-position of β-amino acid resulted in 
reduced yields due to the less favourable ketimine formation. 
Furthermore, the investigation of substrate scope showed that 
different functionalities, including ethers and esters, were also 
tolerated on the linear ketone substrates and (hetero)aryl iodides 
bearing different functional groups underwent arylation smoothly 
to produce the desired products. Moreover, our strategy could 
also be used for the unsymmetric double C-H arylation of 
ketones. Two different aryl groups were consecutively installed 
to provide 4-phenyl-4-(p-tolyl)butan-2-one in 41% isolated yield 
by employing a transient ligand β-alanine (Scheme 16b).[32] 
Furthermore, Lin and Wei also found Pd-catalysed direct inert 
C(sp3)-H bond functionalisation of aliphatic ketones using 2-
amino-N-isopropyl-acetamide as a novel transient ligand via a 
N,N-bidentate Pd-intermediate (Scheme 17).[31a] 
 
Scheme 15. The C(sp3)-H arylation of aliphatic ketones 
 
Scheme 16. The C(sp3)-H arylation of aliphatic ketones using β-alanine as a 
transient ligand 
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Scheme 17. The C(sp3)-H arylation of aliphatic ketones using 2-amino-N-
isopropyl-acetamide as the transient ligand 
On the other hand, the formation of a reversible enamine 
could also be used in the functionalisation of ketones through 
the transient ligand strategy. In 2012, the Dong group reported 
the regioselective α-C-H bond alkylation of ketones with simple 
olefins using stoichiometric amounts of 2-aminopyridine (L30) as 
a ligand. This reaction proceeded through enamine C-H 
activation as the key step (Scheme 18a).[33] The proposed 
reaction mechanism was depicted in Scheme 18b. A cyclic 1,2-
diketone 1 reacts with a stoichiometric amount of 2-
aminopyridine (L30) to yield the corresponding enamine 
intermediate 2. Then oxidative addition of Rh directed by 
pyridine provides Rh(III)-hydride species 3. The intermediate 3 
undergoes migratory insertion into the olefin to give the 
intermediate 4 followed by reductive elimination to generate 
ortho-alkylated product 5, which then releases the final product 6 
under acidic reaction conditions. To be mentioned, ligand 30 is 
recyclable in this process (Scheme 18b). 
 
Scheme 18. The regioselective α-C-H bond alkylation of diketones with simple 
olefins using stoichiometric amounts of 2-aminopyridine 
In 2014, the same group improved their catalytic system to 
decrease the amount of the ligand, using the 7-azaindoline (L31) 
as the most effective transient modifier. In this process, they 
introduced a novel ketone-alkylation strategy by employing the 
secondary amine and Rh(I) complexes catalyst to achieve 
C(sp3)-H activation. Also, elegant alkylation of various simple 
ketones at the alpha position in good yield and selectivity was 
shown in this work. By using a catalytic acid, the secondary 
amine could be regenerated to achieve the catalytic cycle. The 
detailed control experiments showed that the key step is metal-H 
bond migratory insertion (Scheme 19a).[34] In 2015, the Dong 
group reported a bi-functional ligand L31 enabled catalytic α-
alkenylation of ketones with internal alkynes using a rhodium 
catalyst. In this process, both aromatic and aliphatic ketones 
were well tolerated and good yields were obtained. Both α,β- and 
β,γ-unsaturated ketones could be obtained by different workup 
reaction conditions — HCl in toluene or AcOH in CHCl3, 
respectively (Scheme 19b).[35] In 2016, direct arylation of 
cyclopentanones with aryl bromides using transient ligand L32 
has been reported by the same group. This reaction has 
enabled by palladium and enamine cooperative catalysis 
(Scheme 19c).[36]  
 
Scheme 19. Alkylation of simple ketones using reversibly enamine as the 
catalytic directing group 
2.6. The C(sp3)-H functionalisation of amines 
Amines are ubiquitously in pharmaceuticals, agrochemicals, 
and biological chemicals with various biological activities.[37] 
Therefore, many medicines containing amine units are among 
the top selling drugs in the world.[38] Owing to their popularity 
and importance, efficient and straightforward strategies for the 
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synthesis of amine derivatives are always the focus of chemists’ 
and pharmacists’ studies.[39] Due to the reactivity and strong 
coordinating abilities of amines, functionalisation of free amines 
continues to be a synthetic challenge and still restricted to 
limited examples.[40] 
Recently, several reactive transient ligands have been 
successfully applied to the γ-C(sp3)-H arylation of free amines. In 
2016, our group presented the palladium-catalysed direct γ-
arylation of primary amines with catalytic glyoxylic acid 
monohydrate (L33) as a transient ligand (Scheme 20a).[41] It is 
worth mentioning that the arylation products were purified 
through acid/base workup without the need for chromatography. 
However, all amines needed a fully substituted α- or β-carbon for 
reactivity. In our study, a cyclopalladated complex has been 
isolated and characterised by X-ray crystallography in the 
presence of a stoichiometric amount of pyridine and palladium 
acetate (Scheme 20b). 
 
 
Scheme 20. The C(sp3)-H arylation of aliphatic amines using catalytic 
glyoxylic acid monohydrate as a transient ligand 
The intermediate was further subjected to the standard 
reaction conditions to get the desired amine in 72% yield. 
Furthermore, a detailed reaction mechanism was proposed in 
Scheme 16. In the presence of acetic acid, a primary amine 
reacts with catalytic 2-oxoacetic acid to form the imine 
intermediate I. Coordination of this intermediate to the palladium 
species followed by a ligand exchange process produces 
palladium complex II. Cyclopalladation of intermediates II forms 
the five-membered ring intermediate III, and then oxidative 
addition of intermediate III with an aryl iodide yields the 
palladium(IV)species IV. Reductive elimination of this palladium 
complex followed by a ligand dissociation process provides α-
imino acid VI, which then releases the final products, a process 
accelerated by the water molecule. During the process, AgTFA 
can probably abstract the iodides. Without Ag salts, this reaction 
could not proceed, which indicates that Ag salts play a vital role 
in the reaction (Scheme 20c). [41] 
At the same time, Dong and coworkers independently 
reported the direct arylation of free amines using a 
stoichiometric amount of quinolone-8-carbaldehyde (L34) as an 
exo-imine-type transient ligand. Due to the volatility of some 
products, benzoylation is necessary for the isolation of the 
compound. Under the modified reaction conditions, C(sp3)–H 
arylation of 2-tert-butylaniline derivatives was also demonstrated 
successfully (Scheme 21).[42]  
 
 
Scheme 21. The C(sp3)-H arylation of aliphatic amines using quinolone-8-
carbaldehyde as a transient ligand 
Yu and coworkers revealed another highly reactive transient 
ligand for the γ-arylation of aliphatic free amines.[43] Notably, 
using commercially available 2-hydroxynicotinaldehyde (L35) as 
a ligand, this reaction system worked well with linear alkyl 
amines. A broad substrate scope was observed in this work with 
decent yields. Also, all products were derivatized by Boc-
protection to aid isolation (Scheme 22a). Very recently, the -
arylation of alkyl amines enabled by the combination of 2-(2-
methoxyphenyl)-2-oxoacetic acid (L36) and pyridine derivatives 
has been reported by the Yu group. In this process, 5-
substituted trifluoromethyl- and nitro-2-pyridone have been 
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identified as the optimal X-type ligands by acting as an internal 
base to accelerate the C-H bond cleavage step, which can 
significantly improve the efficiency of the -arylation of alkyl 
amines (Scheme 22b).[44]  In 2016, the use of a stoichiometric 
amount of 3,5-di-tert-butylsalicylaldehyde (L37) as a precursor to 
form the removable and recoverable directing group for the γ-
arylation of free primary amines has also been reported by 
Murakami and coworkers (Scheme 22c).[45]   
In 2018, Kamenecka and coworkers reported Pd-catalysed γ-
C(sp3)-H and γ-C(sp2)-H arylation of free amino esters using 2-
hydroxynicotinaldehyde (L35).[46] It was found that the re-
esterification is necessary for this reaction due to the hydrolysis 
of the ester (Scheme 23). Interestingly, Young group presented 
a strategy using a stoichiometric amount of dry ice to provide 
CO2 as a ligand to mediate γ-arylation of aliphatic amines. It is 
assumed that a carbamate salt is the intermediate which 
undergoes an irreversible concerted metalation-deprotonation 
step to generate the key cyclopalladated intermediate (Scheme 
24a and 24b).[47] Very recently, Bull and coworkers unveiled the 
use of a catalytic amount of stable alkyl acetal (L38 or L39) as a 
transient ligand for the synthesis C(sp3)-H arylation of primary 
amines. They uncovered an unexpected formation of a 7-
membered palladacycle intermediate from activation of the ε-
C(sp2)-H bond (Scheme 24c).[48]  
 
 
Scheme 22. The C(sp3)-H γ-,δ-arylation of aliphatic amines 
 
Scheme 23. Pd-catalysed γ-C(sp3)-H and γ-C(sp2)-H arylation of free amino 
esters using 2-hydroxynicotinaldehyde 
 
Scheme 24. The C(sp3)-H γ--arylation of aliphatic amines using dry ice or alkyl 
aceta as transient ligands 
2.7. The C-H functionalisation of phenols  
In 2003, the Bedford group was the first to develop the ortho-
selective C-H functionalisation of phenol derivatives using a 
[RhCl(PPh3)3]/PtBu2(OPh) system.[49] Unfortunately, this reaction 
had a limited substrate scope and was only suitable for ortho-
substituted phenols (Scheme 25a). The proposed reaction 
mechanism was depicted in Scheme 25B. At first, in the 
presence of caesium carbonate, phenol derivative 1 reacts with 
L40 to afford Compound 2, then coordinates to orthometalates 
at a Rh complex B, with oxidative addition of the aryl halide from 
Rh A in the previous step, to from intermediate 3. Subsequent 
reductive elimination of 3 followed by the ligand dissociation and 
reformation of the active catalyst to afford the final product 6 
(Scheme 25b). 
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Scheme 25. The ortho-selective C-H functionalisation of phenols using the 
[RhCl(PPh3)3]/PtBu2(OPh) system and plausible reaction mechanism 
To overcome the limitation of the substrate scope, a new 
catalytic system, [RhCl(cod)]2/P(NMe2)3 (L41), was reported, 
which was independently discovered by Oi, Inoue, and 
coworkers (Scheme 26a).[50] Later, the Bedford group released 
another commercially available reagent, iPr2PCl (L42), which fit 
well in the Rh-catalysed C-H arylation of phenols (Scheme 
26b).[51]  
In 2005, inter- and intramolecular ortho-selective alkylation 
reactions of phenol derivatives with unactivated alkenes were 
reported by the Bergman and Ellman group using a 
RhCl(PPh3)3/iPr2POXy (L43) system (Scheme 26c).[52] Later, the 
Cole-Hamilton group showcased a ortho-selective ethylation of 
phenol derivatives using a rhodium catalyst in the presence of a 
catalytic amount of Ph2P(OPh) (L44) (Scheme 26d).[53] In 2016, 
the Ye group utilized this strategy to design an efficient way to 
access 3,3’-diaryl BINOLs by C-H bond arylation of 1,1’-bi-2-
naphthol with aryl bromides. This straightforward synthetic 
approach provided the shortest route to the synthesis of 3,3’-
diaryl BINOLs facilitated by a new ligand system, 
[Rh(cod)Cl]2/tBu2PCl (L45), Ph2-cod and Cy3P . HBF4 (Scheme 
26e).[54] 
 
 
Scheme 26. The C-H functionalisation of phenols 
3. Transition metal-catalysed C-H 
functionalisation via reversible non-covalent 
bond formation 
3.1. Hydrogen-bonding-directed C-H functionalisation 
Transition metal-catalysed C-H functionalisation via the 
formation of a hydrogen bond was reported by the Crabtree and 
Brudvig group in 2006. Using L46, which consisted of a di-m-oxo 
dimanganese core, 4-([2,2':6',2''-terpyridin]-4'-yl)aniline, and 
Kemp's triacid, Mn-catalysed selective oxygenation of an sp3 C-
H bond was realized due to non-covalent molecular recognition 
via hydrogen bonding between the carboxylic acid group of the 
catalyst and the carboxylic acid group of the substrate (Scheme 
27).[55] 
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Scheme 27. Mn-catalysed selective C-H oxidation of sp3 carbon atoms  
 
Scheme 28. A meta-selective borylation directed through hydrogen bonding 
between substrate and transient ligand 
In 2015, the Kanai and Kuninobu group described a new 
approach for the meta-selective borylation of aromatic 
compounds with catalytic transient ligand L47 (Scheme 28a). 
While avoiding the covalent auxiliary group formation, the 
secondary interaction between aromatic substrates and the 
designed catalyst controls the excellent meta-selectivity of C-H 
bond transformation. These novel ligands, acting as the 
reversible directing group, contain a bipyridine unit and pendant 
urea moiety. The pendant urea coordinates to the carbonyl 
group in the substrate through hydrogen bonding, which allows 
for the Ir(I)-catalysed meta-selective borylation of aromatic 
carbonyl compounds (aromatic amides, esters, phosphonates 
and phosphine oxides), in good yields and excellent meta-
position selectivity under mild conditions. To be mentioned, this 
reversible hydrogen-bonding mode was confirmed by the H-
NMR spectroscopy and control experiments (Scheme 28b).[56] 
In 2017, meta-selective C-H borylation of common amine-
containing aromatic molecules was reported by the Phipps 
group utilizing the ligand L48 (Scheme 28c). In this work, the 
same ligand L48 was proved to act as a hydrogen-bond 
acceptor to direct the meta-selective borylation of the aromatic 
substrates, in which the amide functionality acts as a hydrogen-
bond donor (Scheme 28d).[57] 
3.2. Transition metal-catalysed C-H functionalisation via the 
reversible ionic bond formation 
The C-H functionalisation employing ion-pairing interactions 
was first released by Breslow and co-workers in 1981 (Scheme 
29a).[58] Later, they described a single ion-pairing interaction 
approach enabled by radical relay chlorination to realize 
selective functionalisation of steroids. Although the selectivity 
and efficiency of this reaction was not satisfactory, this work 
provides an insight for the development of ion-pairing directed 
reactions (Scheme 29b).[59]  
Recently, the Phipps group reported a fantastic strategy for 
achieving the Ir-catalysed meta-selective borylation of two 
distinct classes of aromatic quaternary ammonium salts by 
designing a suitable ion-pairing ligand. In this study, they 
assumed that readily accessed quaternary ammonium moiety 
present in the substrate would participate in the ion-pairing 
interactions with an anionic bifunctional ligand. Based on the 
calculation by Singleton, Maleczka, and Smith et al.,[60-61] Phipps 
and co-workers designed and modified the ligand to append a 
sulfonate-bearing tether onto the bipyridine back-bone. With the 
anionic ligand 48, good to excellent meta-borylation of these 
compounds was obtained (up to 20:1). Control experiments in 
which the positive quaternary ammonium group is replaced by a 
neutral dimethylamine or tert-butyl group have shown no meta to 
para regioselectivity, supporting the ion pairing direction 
hypothesis.[62] However, these substrates possess very low 
conformational freedom. Later, it was found that in the presence 
of the same ligand (L48), more flexible quaternized 
phenethylamines and phenyl-propylamines were tolerated well 
under ion-pair directed borylation with good to excellent 
selectivity. In addition, competition between ion-pair and 
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hydrogen bond direction was the investigated in specially 
designed substrates, showing that the ion pair-directed mode 
dominates to give highly selective borylation product (Scheme 
29c). [63] 
 
 
Scheme 29. Ion pair-directed C-H functionlisation 
In 2017, the Chattopadhyay’s group developed the first 
example of the para-selective borylation of aromatic esters 
enabled by non-covalent interactions between the L-shaped 
ligand L49 and an iridium catalyst. Ligand L49 is a simple 
bipyridine derivative with a quinolone unit, which would 
tautomerize into its more-stable quinolone form (Scheme 30a). 
In the presence of an Ir-catalyst and boron-reagent, the 
bipyridine part would generate a standard tris(boryl)iridium 
complex, and then the OH or O-M group would recognize the 
carbonyl oxygen through the non-covalent interaction, which 
would facilitate the para C-H activation of the ester derivatives 
(Scheme 30b).[64] In 2018, the Chattopadhyay’s group released 
another example of the meta-selective borylation of aromatic 
amides in the presence of the same ligand and iridium catalyst. 
The substrate where the amide CO group is absent was initiated 
in the standard reaction conditions, and it was found that 
borylation was non-selective (meta : other = 0.1:1). Notably, 3,5-
disubstituted amide resulted in no borylation under the standard 
reaction condition (Scheme 30c).[65]  
 
 
Scheme 30.  L-shaped ligand directed Ir-catalysed meta-,para-C-H borylation. 
4. Summary and Outlook 
Novel transition-metal-catalysed selective C-H bond 
functionalisation strategies have been investigated and 
developed by scientists for many years. One such new strategy, 
which avoids the long-established pre-instillation and removal of 
directing groups, uses a transient ligand in a catalytic amount in 
order to convert a functional group into a directing group in a 
temporary and reversible fashion for C-H functionalisation 
reactions. Notably, the binding of the substrate-ligand complex, 
C-H functionalisation, and cleavage occurs in one reaction pot. 
Two major constraints in C-H functionalisation exist despite the 
recent advances: the use of certain functional groups (ketones, 
aldehydes, amines, phenols, etc.) and reaction types. However, 
in the future, it is expected that more progress and 
improvements will be made in regards to the type of reactions 
and the substrate scope. 
Throughout this review, we have discussed transient ligand-
enabled transition metal-catalysed C-H functionalisation 
strategies that use non-covalent and reversible covalent bonding 
methods. In our opinion, transient ligand-enabled transition 
metal-catalysed C-H functionalisation is a promising research 
area and will continue to garner more attention from scientists in 
the coming years. 
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